Abstract-In this paper a decentralized control scheme for multiple cooperative manipulators is developed to achieve the desired performance in motion and force tracking, in the presence of uncertainties in dynamic equations of the robots. To eliminate the effects of uncertainties in the closed-loop performance, a new adaptive control algorithm is proposed. Based on the Lyapunov stability method, it is proved that all the error signals in the closed-loop system which is compose of a robot, an observer and a controller asymptotically converge to zero. Also to avoid the difficulties of using velocity sensors within the cooperative system, an output feedback control scheme with a linear observer is used.
I. INTRODUCTION
The problem of controlling cooperative robots has attracted the attention of many researchers during the last decade [1] - [7] . This is mostly because of the development of industries that utilize robots for complicated tasks such as space and underwater robotic applications, handling and transforming objects and assembly applications in electronic industries.
There are some differences between the control of a single robot and the cooperative ones that cause conventional centralized algorithms can not be efficient from practical point of view because of the system complexity and time consuming calculations. So we seek some efficient methods such as decentralized control algorithms [2] - [5] , [8] that can reduce these problems.
For control of robot manipulators it is necessary to use the information of sensors mounted on the robots. For position control, the encoders which have an acceptable range of accuracy are used. But for the velocity measurement, tachometers are used that are not very accurate because of the presence of noise in the measured signal which is amplified by increasing the control feedback gains. Also using velocity sensors increases the weight of each link that is undesirable from practical points of view. So we seek efficient methods like utilizing velocity observers that guarantee the velocity estimation without error by using only the position information [ 10] , [ 11 ] .
Most of the works in the control of cooperative robots that have used the output feedback method are based on the exact knowledge of the dynamic equations of the robots [3] , [5] . On the other hand, decentralized control algorithms that have considered uncertainties in the dynamic equations of robots have proposed control inputs that are based on the knowledge of the velocity and sometimes the acceleration terms of the robots [1] , [2] .
In this paper an adaptive decentralized control algorithm for cooperative manipulators without velocity measurement and by the assumption of uncertainties in the dynamic equations of the robots is proposed. For this purpose, a control input with an adaptive term in conjunction with a linear observer in the controller structure is used to estimate the values of velocities. Finally, based on the Lyapunov stability method, the stability of the closed-loop system with the proposed control input is investigated.
The structure of this paper is as follows. In section II, the dynamic equations and some properties of the robot structures are introduced. In section III by introducing observers to estimate the velocities of robots, a control input for each robot using its local information is proposed. In section IV the Lyapunov based stability theorem is investigated. In section V the performance of the proposed algorithm by simulation of a cooperative robotic system is shown. Finally, the paper concludes in section VI.
II. PROBLEM STATEMENT
Consider a system of m cooperative robots holding a common object. The goal of the system is to 1) move the object center of mass along the desired trajectory and 2) exert the predefined force on the object at the contact points, [9] .
The dynamics of robot i can be expressed as:
M,(qi) j i + C,(qi, ,i)4i + D i4i + G,(qi) _JjiT ri (1) where qi is The auxiliary variables can also be defined as:
where pi is the constraint position for the i th robot. For decoupling the position from force control, the j space orthogonalization is used [3] . By Ci (qi, a) < ki a where 0 < ki < and a is the arbitrary vector of dimension ni.
PropertyS: According to the property of linearity in parameters we can write
where Yi is the regressor matrix and 0i is Pi dimensional vector of parameters for robot i .
III. DECENTRALIZED CONTROL ALGORITHM First, it is necessary to define the following variables:
where Pdi is the desired constraint position and must sat (3) , idi is the desired force applied to the end-effectoi robot i, qdi is the desired bounded trajectory of the jo (3) ( 1 1 (15) Now, to continue the mathematical calculations, the derivative of (11) must be obtained
According to the fact that ji is not measurable, we can not obtain 4ri from (16), so we have to use the approximation of it which is given by re = Qi (qi,q) i )(4defAi(di aqds + Ji+ (qi,qi)(Pdi -,8i Api + ;i AFj) ( 17) where A (qi,q^i) is defined as A (qi n qi ) qik qoi So the dynamics equation of robot i can be written as Now, we obtain an update law that is applicable in real time.
Preposition. for the function u(t) with the dynamic equation ui(t) = x(t) y(t) we can obtain u(t) from the following nested integrals
According to (12) and (14), VI. CONCLUSION In this paper a decentralized position/force control scheme for cooperative robot manipulators is presented which can be effectively applied to every redundant cooperative system. It is assumed that the dynamic equations of each robot are not exactly known. It is shown how by using an adaptive control input, the effects of these uncertainties on the perfornance of each mechanical system have been eliminated. The control input for each robot uses only local infornation available through the local sensors, mounted on the robot. In addition, using a linear observer, velocity measurement of the joints is avoided. The proposed control input causes the overall closed-loop system to be stabilized which is proved by the Lyapunov stability method. The simulation results show that the proposed approach works well in the presence of uncertainties in the dynamic equations of the robots. 
